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_ SINGLE AND DOUBLE ELECTRON CAPTURE
CBY 7.7~ TO 166-keV “He' ToNs IN N,

John Warren Steérns-
Iavrence Radiation ILaboratory
University of California
Berkeley, Californisa

September 11, 1967

ABSTRACT
The cross sections, 0oy and Y for single and double electron
capture of 3He++ ions with energies between 7.7 and 166 keV have been

3

measured in thin targets of N2. The He++ jons were gxtracted from
an rf source énd accelerated electrostatically. After momentum analy-
sis by a 90-deg magnet, they passed throuéh the target chamber and-
were reanalyzed électrostatically. The charged components, 3He++ and
3He+, were detected by & pailr of Faraday cups, and the neutral com-

* ponent S0 by a CsI(T1l) crystal mounted on a phbtomultiplier tube.
Currents from these detectors were simultaneocusly integrated, and
measurenents were made for at least eight pressures at each energy.
Pressures were measured with a capacitance manometer. Both Oy and .-

16

have maxima at about 50 keV, which are 1= (13.0 + 1.3) x 10~

%0 %
and g,. = -16 2, :

Opg = (3.3 + 0.7) x 10 cm“/molecule. Our results agree with
those of Allison for uHe++ In the region where the velocities overlap
‘(BHe'*+ energies between 112.5 and 166 keV). The results are compared

" with available theoretical models.



I; INTRODUCTION

The process of electron capture or of electron loss via colli-
sions with atoms, lons, or molecules has beén a subject of interest
for a long time. Rutherfordl vrerformed some of the earliest experi-
ments and_Fowler2 presented one of the first theories on the capture
of electrons from neutral gas by lons. _

Subsequently, Thomas,j Oppenheimer,h Brinkman and Kramers,5
Jackson and Schiff,6 and many others have studied the problem theoreti-
cally. A summary of theoretical and experimental aspects of electron
capture may be found in a book edited by Bates.7 Most previoﬁs work
has been done for capture by protons; however, attempts to understand
more compllcated systems are now in progress. The present work is
concerned with single and double capture by He++ in Ne-for the tens
of keV range. |

Aside from interest tobatomic physiciéts thls su£ject is impor%ént
to many disciplines. For example, proposed thermonuclear reactors will
contain very hot plasmas to produce fusion reactions. One important
problem in such a reactor is the loss of energetic lons via charge
éxchange with slow neutrals. The fast neutral atom thus produced can
. leave the magnetiec field that normally confines the plasma. It then
becomes a slow neutral upon striking the wall of the vacuum chamber,
or sputters material from the wall that can enter the plasma to per-
Petuate the process.

The dynamics éf the sun cannot be fully understood without

knowledge of rates of ilonization and recombination. The sun regularly

spews protons and o particles into space. Those that reach the



' 1lﬁicinityfdf_thé-earth are5dften fOuhd to be neutral hydrogen'and helium

viv_,atoms'or He+.  bne questibn is hdw and where were‘these,ions neutfal-.

" ized and what can be inferred about the sun and the space between.
These ions, and neutrals which become reionized, produce various

'atmospheric phenomena such as aurora.. Detailed knowledge of capture

' and loss probabilities is necessary to understand these.

A heavy-ion accelerator has a section called a "stripper,"

.preaccelerated ions are stripped of some of their remaihing electrons
throughcollisions with atoms in a vapor or a foil.8 The efficiency of »_‘1'

fhis stripper is directly related to the various probabilities of cap-'__ﬂf'ﬁ”

"\ £ure and loss of electrons. A tandem Van de Graaff or "swindletron"
J"takes.adﬁantége oflcharge’exchange and ionization by accelerating
negative ions from a grounded‘terminal to a positive high-voltage
':,terminal,'where’they are doubly (or3more highly) stripped to form
-L positivelions_which are then further acceleratéd toward another

| grounded terminal. The energy of the ions is gfeater than it would

be.if they were originally produced at the high-voltage terminal.

Finally, all accelerators have the problem of loss of beam by ﬁ_;f,:::

v.chargé éxchange of the beam ions with the background gas during
‘:acceleration. This is especially important at éertain loﬁ energles
vhich the lons must pass through during their aéceleration._

The general process of capture of electrons can be expressed
: uniquely for each combination 6f idﬁ, gas, and energy in terms of a
.- "eross section.ﬁ A cross section;.as the name implies, has units of

of area per target atom or molecule.

wvhere .

BE® U



Iet o = the cross section for a reaction,
~p = the probability for that reaction‘in a vanishingly small
length 41,
and . n =number per unit vol = number density of the target gas;

then we have the relation

P = nodl,

which defines o in terms of the measurable p. For the process of

‘charge exchange, we use the symbol o £ which denotes the cross sec=~

i
~“tion for changing the beam ion (or atom, ﬁolecule, etc.) from the
charge state i tb the charge state f in a single encounter with one
- of the target atoms or molecules. |
| - In dn Investigation of charge exchange involving é He beam,
generally three charge states are involved: Heo, He+, and Hé++. He™
" can also exlist (in metastable states), but its probability of‘produc-
tion by electron capture 1s so small that its presence can be neglected _
- in experiments in which the other components are of primary interest-9’lo
‘»Normally, six cross sections are involved: %507 %7 %p1s O1ps F1p2
and GOl' On¢ can readily see that the many competing processes could
| blot out the meésurement of any one of them, depending upon the rela-
“tive values‘of these cross sections.and on other factors such as purity
of charge specles in the beam or target "thickness." (Thickness is
defined as the product of the density and the length of the target.)
(Thickness = 7 = nl.) Fortunately (see Sec. III C), thls interference

due to multiple cross sections becomes nil in the liﬁit as T -+ 0 for

- an incident beam of one specles.



Severa; exPefi@entelists have ekplored sihgieiend double capture
}Ey”ﬁe++ ioﬁs ih‘nitrogeﬁ.er air, i.e., et energies ebove iSO keV .
vi(e.g!,.Refe. 1, ll; lé). Previous to the work presented here it was
'hot'known:he&‘to eitfapolate the values for the cross sections below -
'1:this energyf"The experimenfal work presented here shows a peak’t in
| 621 and 020) at about 50 keV 5He energy).
“.AiThe Single capture cross section, 21, treils off fairly steepiy et |

_veach cross sectlon measured (

. greater and 1esser energies, while the double capture cross section,

vgi 20, is nearly level at low energies, rising only slowly to its peak

'e,and then tralling off nearly parallel to the other cross section at

v'vi‘higher energles




II. THEORY

A theory predicting charge-exchange cross sections accurately
for all energies and all gases and lons has long eluded physicists.
Even the simple case of neutrallzing a proton by charge exchange in
atomic hydrogen has pfoven quite difficult theoretically. At low
Velocities, the complications that arise from having to consider the
temporary molecular.statesrof the target atom and colliding ion system
ﬁake the problem formideble. However, even approximations for veloei-
‘l;ties higher than the orbltal electron velocity differ from one another
by factors of two. A further complication arises when one tries to
 compare theory with experiment, since an.atomic hydrogen target is
difficult to prepare; whereas a molecular terget is difficult to treat
theoretically. As a result people have'been forced to use various
approximations. A qualitative low-energy model is afforded us by

13

Massey'e adiabatic hypothesis, which treats slow encounters, and

aleo predicts large cross sections at nearly zero energy for "resonance"
reactions, those in which the total internal energy of the system
remains unchanged. |

At high energies the Born approximatlon, based on gquantum
mechanics, and "impulse" approximationsv(olassical or guantum mechan-
' ical)‘have been used. These approximations require a sudden transition
between the initial and final states, allowing for no transitory states
 between.

So far, only semi-empirical methods have been found to treat the

Intermediate energies.



”5".‘;; ‘f A s1mple way of looking at capture qualitatively has been afforded
.us through a bit of logic called "Massey s Adiabatic Hypothesis." TFor
'L‘a nonresonant reaction-it 1s Massey s argument that at rather low
energies The approach of an oncoming particle can e "felt" Dby the
target particle in such a way that the electronic configuration ecan
J; adjust itself more orvlessAadiabatically t0'the changing forces so
vthat'capture becomesdimprobable. This is because the energ& differ-
"tvfence'between'an electron belonging to one atom or the other cannot be

- transferred to any of the particles involved in an adiabatic transition.

At higher energies, the encounter becomes less adiabatic and the

cross section rlses. At very high energies, another process comes
- into play An encounter may be over with so quickly that an electron

does not have enough time - to react to the changing potentials and to .

;U;beecapmured._ Hence one would expect that for rather high energies the

“'vtirf cépture cross_section would fall off, which, indeed, at high energies

. .- 1t does.

4“,_ Now Withlthese two prOcesses*actingvto reduce the cross'section

-ﬁ’ at low and at high energies, one would expect to find an energy for

!> which the cross,section.is a maximum. This peak should correspond in

sgme.wap to theuenergy.which'needs to be absorbed_(or,supplied) in the 1i:

-xtfeaction,.being'at greater;relative velocities'for greater energy
'-“ differences | | o | | S

. 4 L

Massey has deduced a simple expression £0 predict this peak based _y,'
on the energy difference between the initial and final " states of the
;_,system at the moment of reaction. For an energy difference, AR,

" "called by Massey the "energy defect" in the reaction AT+ B4+ B+,



Massey predicts that for some collision parameter, £, the peak in the

cross section should occur at the velocity

where h is Planck's constant.  In units of eV this becomes
T = 36(AE) msS eV,

‘for m in amu and 4 in Bohr radii. It will be noted that this simple
v'  expression 1s really quite difficult to apply, because £ can only be
guessed at. The manner in which it varies with the charge and con-

figuration of the two particles is unknown. Moreover, AE, which is

v'v usually assumed to be the difference in binding energles of the

separated systems, could change during'the approach. From experlence
: with fhe measurements of several types of cross sectlons, one might
get a feeling for the range over which a peak might occur, but beyond

14

. that the expression is not of much help.

A. Classical Capture

Jl;.’fhoméé

More detéiled pictures of single captiure have evolved principally
fof'capture at the higher energies, where adiabatic transitions do not
occur; Thomas in 1927 proposed a model5 that involved a double colli-
sion in which the ihcoming particle first struck an electron, driving
i1t toward the targebt nucleus, where it rebounded in such‘a way as to
£ind 1tself bound to the invident particle.

. 2. Gryzinski and Others

S8ince 1959 Gryzinskil5 and others have presented modifications on



'. h:the work of Thomasxb&‘adjusting the limits of integration or by assum-
: ing different electronic configurations "The results of the modified .
theories have more closely approached the nmeasured values. Bates and i
.Mapletonls’ T have continued with thils type of approach and have
'h:achieved-remarkable success for energies somewhat higher than ours.
fn MapletonlB-haswcalculated crossbsections for us to be compared with
ouj'measurementS'of le.vais results are shown in Fig. 3, along
it

Quantum Mechanical Capture

In 1928 Oppenheimeru calculated the capture cross section between

»,Hydrogen and He a ions, employing the "overlap" integral

Mfd v v |
€ = T ’ -
‘ ;R A

'uigdalculations-involviné.thenuse'of this type of integral usually.are'.
approximated by uSing spherical waves for the bound electron and plane
flkuaves for the oncoming ion and oubgoing, particle. With an interaction.
.dfépotential'and-the proper normalization, the expression can be made

ff?linto an_infinitefseries»called—the_Born approximation, which can be

ﬁl_used'to,evaluate a capmure.cross section. Most QaICulations employ -
jonly“the?firstﬁtermlof this approximation; There is,some questionli‘

VJmhether,'for-capture,'this series converges. |

A | ~In 1950 Brinkman and Kramers did a more precise calculation '__ | : LA

based on the first Born approximation They derived the expression'r

a?=ogi?'558t cerr?] R -],



\

vhere X = vh/eﬁee, 8y 1s the radius of the first Bohr orblt, Z end Z!
are the effective charges of the targe£ and the projectile respectively,
v is the relative velocity, and h is Planck!s constant. This expres-
sion represehts the‘cross section for capture from an s state into
another s state, and does not take into consideration any interaction‘
between micled. |

Much debaté has ensued among the theoretlcians as to whether the
interactioﬁ between the nuclei hés any appreclable effect on the cross
sections (see, e.g., Bohr,;9 Jackson and Schiff,6 and Pradhango). So
iackson and Schiff published a paper calcuwlating this effect. Thelr
calculation showed that for capture from a hydrogen-like atom the
~cross section should be lower than previous caleculations by a slowly

vvarying factor,

0;_g = (0.37 = 0.66)0p .

where the sﬁaller value is appropriate at low energies (around 1 MeV
'or.less) and the larger one applies only at very high energies. Bates
and Dalgarnogl exploited this'weak enérgy dependence and, using methods
: fifst developed by Saha and Basu,22 produced Brinkman and Kramers type
of calculations for the capture cross section from the 1ls, 2s, and 2p
states into any state ofvthe projectile;' Although Jackson and Schiff
éive better results, it is generally agreed that the inclusion of the

internuclear interaction is incorréet.
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o }‘é; 'DouhlevCapture;vl
v T e - :
1. (Classical i -

- Most. of the theoretical methods mentioned S0 far deal only with

".V"h _che capture of a single electron Trom the target particle. The cap--
ture of two electrons in 8 single encounter is difficult t0 treat and J"
" o except for the general considerations that shouvld be valid for all

L capture as expressed in the adiabatic hypothe51s, no classical"—type; o

calculations have been made

“_2;' Quantum-Mechanical

Several calculations involving quantum mechanical treatment of

23

vdouble capture have been made. Fulton and Mittleman haeve calculated“:fu

“”:f the reaction Fet 4 HeQ* Heo + He++, Their calculations involve sub-

‘}fstituting the product of two one- particle exchange amplitudes for the
7_;;two-particle exchange amplitude in a Born approximation.‘

Low;energy calculations have also been made for this samne - reac-

x’tio 2& 25 There is only one nonresonant calculation that would apply_v
Lf}ﬁto He in Né Evaluations of a theory by R. K. Janev were made for :

: this case,26 but they showed little relationship to the measured values,
' perhaps due to the large difference in binding energies of the firSt

and'second'electrons.in He.

R _," o .




' ITII. EXPERIMENT
A. General
The experiment was pérformed by use of a modification of the

"growth" metth,xin.Which the cross section is determined by observ-
ing the growth of the relative intensities of the product beams as gas
_4is introduced into the path of the primary beam. This growth 1s
Vapproximately linear at low relétive intensities, and is propértional
to the pressure and the appropriate cross section. In order to extend
these results significantly beyond the background contribution, a
modified "growth" method was used.

B. Apparatus and Method

The experimehtal,arrangement is shown in Fig. 1. He++ ions were
pfbduced in an rf ion source, which was placed at the top of an elec-
. trostatic aceelerdtion column. The beam could be focused by an elec-
‘trostatic "Einzel" lens, and the total accelerating véltage could be
varied from about 3 KV to a maximm of about 110 KV.

The Eeam was analyzed by a 90-deg bending'magnet and could be
steered by a set of electrostatlic deflectors. After being bent, the
beanm was refbcused by a solenoid.

The beam then passed through a "gas cell” where the target was
contained. The gas cell consistedlof an inner chamber with small con-
strictions (63-mil input and 125-mil output diameters) for the beam,
and a "differential" seétion which was being continuously pumped out.

The nitrogen gas, used for the target, was admitted through a needle

“{valve to meintein target pressures from 0.05 to 5'M. The pressure

r

- was measured by a VGlA ion gauge and by a "Baratron" electromechanical



3He'™, YHett+ D"+H}, 2He oo -

.
.
H,

B TP By iat+ Bt 3100
.. “Het* B He™ “He","He - All dimensions
: ‘ in inches

To manometer I°“_ gage

- \ Gas in

To electrometers

EAE:‘VV' L

=i
1,7

Magnetic Focus DP.&trap Gas cell & Electrostatic analyzer ,
analyzer solenoid ass'y " DP. ass'y’ Faraday cups, p_hotomulﬁplier;
- (100 I/sec) . (80O I/sec) & D.P assembly (400 I/sec)
' : (Top view) :

© Fig.

XBL676-3287

l.i Eiperimental’arrangement. The upper diagram shows the

_]positions'and dimensions of the various collimators and con-
o Strictions along the beam path. The lower diagram shows the . i
- locations of the diffuslon pumps and elements of the apparatus.
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manometer.- The two measurements agreed to within 5% in the overlap-
ping range from O.1 to 1.0 p. The Baratron was also checked for
calibration and linearify by an oil manometer at‘higher pressﬁres.
The'pressure in the differential‘region was measured by a VG1A ion

gavge and typically was less than one thousandth of the target

pressure.

- After passing fhrough_the tafget chamber, the beam was analyzed

for reaction products byvan electrostatic deflector. The two charged

portions (He++ and He+) were deflected into two Faraday cups and the
neutral part impinged upon a CsI(T1) crystal mounted on a photomulti-

plier tube. The secondary electron emission from the Faraday cups

was suppressed by & small transverse magnetlic field.

An electron current proportional to the neutral beam was produced

: by the photomultiplier. This eurrent and the two produced at the

Faraday cups were detected and amplified by three Keithly 410 elec-

trometers. Signals from the electrometers were then used to drive

three electronic Integrating circuilts.

The deflector could be turned off, causing the directly mea sur-

| able charged portion of the beam to strike the neutral detector. The

added current coming from the photomultiplier was then used to call-

~brate the detector.

. The scintillator had a tendency to change sensitivity with time
aue'to radiation damege, se it was necessary to calibrate it after
each data measurement. These calibrations of the neutral detector
showed large variations (#15%) as well as a timebdependency, perhaps

due to fluctuations in the beam. Thus the percent of uncertainty



1k

‘ass001ated with a single measurement of the neutral component of the
,_-beam wa.s much greater than. that for either of the other components or .
.for the total beam (generally consistent to about 95% or bet+er)

" Due to contamination from having previously used the source with

---'H2 and DE’ it was decided to do the experiment w1th jHe++ to avold
";vconfus1on between hne** and Hé or D . vThe electrometers could measure

:-currents emaller than 10720 A and with a 90% uHe-lO% He mixture in the

r_fsource the beam.current was'usually greater than 10-12 A.

: Foria-crossésection measurement at any one energy at least 10

"Tpoints were taken at pressures from background (< 10 =5 torr) to 5 u.
i The time for measuring each point wa.s typically 20 to 30 sec.
The'energy was considered to be twice that of the accelerating

ﬁt:ipotential'measured‘from the ion-source repeller; The voltage divider'

’ f¢used for this'purpose was calibrated to within 5% of the true voltage.

Forveach energy, the beam was first tuned to its maximum yileld in

The two charge integrators were checkedvfor the correctirela-_'
“t1f£i§e integrating rates, the‘electometers zeroed, and then several'
v?fintegrations made of the beam to find the background yield of HeO and"”
'}Hef.p Immediately after each date Tun (in which all three beams were |
‘integrated), a calibration run was made to measure the relative sensi~-'
t 1.:1tivity of the neutral detector » This wa.s done for every pressure by ,i

'f;*turning offfthe electrostatic deflector in the final analysis section: -

'“Tiand allowing the charged beams to strike the neutral ‘detector. A

4fﬁ=‘"f.lf" timer was used which was gated on and off with the integrators to pro-

-“fiwuf,v vide a basis for-determining the amount of charged beam used for the

-ng';.‘ calibration.' This portion of each run also provided information on



((‘
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ﬁhe elecﬁroﬁic drift of the integrétors (always negiigible, but

" accounted for in the ahalysis anyway).. Occasiénally,éhsually before
and after changing to each‘new énergy, the‘beam was removed from alll
detectors to determine the effecf of.dark current in the photomultiplier.

Befqre any gas was let into the gas cell, the Baratron manometer

IWas zeroed. Then the gas Wasvadmitted and the pressure allowéd to
.cdme to equilibrium. One or two measurements were made at each Pres-

: .ynsure,.and after the highest pressure measurement was completed, a
':@easurement‘or two was again made at lower pressures and at background
:pressure as a check.

The data were feduced by first calculating the percentage ofneach

.?.spéciés with reépeét to the total beam. These points were then plotted
Eagainst the pressure 1in the éell to glve a preliminary determination of

:: :the eross sections (Fig. 2). These partially reduced data were then

}_analyéed accoraing to the method described Iin the next section.

C. Data Reduction

1, .Eqpations and Approximations Used for Data Reduction

‘Let o, = the cross section per target pa?ticle (in cme) for the
.;reaétion that changes a beam.partiCle from charge state
-1 to charge state T, .
. T = target "thickness" = nl = number density x length of
‘ target,
Fiv = measured fraction of beam of qharge state 1.

Assume: - Beam entering btarget is entirely of charge state 2 (and
. fraction = 1). .

. Then we have the equations
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]

- Fo(col + 002).+ Flolo + FQUQO’ (1a)

(1v)

1

FoO1 = F1loyg + 01p) + Fpopy;

= Fo + Fy +Fy = L. . | (1e)

The complete solution was, worked out by Alliéon.9. The solution is

Fy = Fyy

where ‘.F

“and F

By
S

COye =

and for

Fii; Pzi

z1

o} =

+ P(z,1)e"? +‘N(Z,i)efﬂq exp [— % WZ:cif], ’_ (2)

]

'(fcél - acgo)/(ég - bf)

i1

(boy, - gczl)/(ég_— bf),
[ceo(a - b) +gla + 021) - (b + cél)]

= , p)
(ag - of)

= (o + 05 + 057) 5 R L

(01 = p1)>

(010 = )

(ogy + 9p + %)
(& - 22 + wor]72,

(a +vé);
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e e T By = Fpp = le(s + Cl)/b

;*N ;f7VN§O]= Q)/b

R

'whefe"' 5g % (g;;ea);

Rl

. This has been redﬁced to the;lihear and squared_terme.qf the Taylor .

‘<7,jfeXﬁensioh’by Fogel'and'Mitin,27j*'

e - '-”"‘1 2
Folfp = Topg +5 T

o by'symmetry),;'fz§7 S

L Fiffp =Ty 43 (o,

aﬁThe:known doa‘and‘diéeare:small SO'ﬁhat'tﬁey may be neglected:?

O0p ¥ T1p S Op1 OF Oy

(for all energies < 500 keV) or T small enough, ki /F ~ WUQO ehd'.
. ?O/Fé we“get

: If we substitute these 1nto the squared terms for

"Reariaﬁging, ,
- F, - () /2 o Ao (F /2)7ro R
MOy = - s

| “:‘?Vj>' ;bﬁﬁ from Eq. (le)_ﬁe get

e o Fpm s (F) + T

c’21°1o %a0%1 * %0 - %0%1 ~ %% (%)

20 01“’ "20*"1_',"21“10‘ 010p)- (30)



"background ovae+ and Heo remained in the beam (FO + F
:f_If these were ignored, the plots of T

3£o the second-ofder effects in o

19

hence , : n ‘ .
| Fg = (Fl/Q)Wcio +_(FO/2)W001 ] "
TOhn = . (ke)
20 1-3(1«" + F.)
’ : 2 1 0
Similarly
- Fy - (Fo/2)moy, + (Fy/2)m0, (i)
. Moy = T .
' 1~z (F, +F.)
2 170
Since %0 and dOi are known throughout the rangé of the experi-

ﬁent28 (see Table I), we now have expressions in terms of known or

measurable quantities which should be linear in 7 within the range

of our appfoximation. The error associétedrwith this approximation
" should be:at mosf %.2% for a beam attenuation of 59% or less. See
"the Appendi% for an aﬁalysis-of»this error.

2. Experimental Considerations in Data Reduction

In the experiment, before Eqs. (4a and b) could be applied, cer-

" tain considerations had to be made.

>

L torr) el small

~ 2% to Ll-%).

When the gas cell was entirely pumped out (< 10”7

1

and T corrected according

1 o0’

Ol‘and qlo, could have an incorrect

slope, depending upon whether the backgrounds were produced ahead of

the gas cell or not.

Actually, ignoring the background has the effect of assuming that

one-half of the background origlnates before the target. Since the

”_distinction is small,:this seems to be a satlsfactory compromised.

Hence to reduce the data 1s was necessary only to calculate the
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viractions,'plotavoei.and’oéa.accordingito Eds (ha and b), and then
£ind the slope of - the best straight 1ine through the- points on the :'i s
'd_plot This line was found with a least squares fit routine (see Fig. 5)

In order to check that the background actually had very little
»effect calculationsfwere made considering the background to have ori?v

,iginated before the gas cellvfor one case and after the gas cell for

" another.. These calculations were mede at two different energies for

’L‘:;which the background was relatively high. The two cases bracketed the

"Sifuncorrected result and differed from it by less than 5% in 020, less

'7ffﬂfthan 1% in o

L been discussed by Wittkower et al.

21° : . o .
Theeffect of metastable states in He on the cross section %1 hasj:”

29

In order to see how an lncorrect -

fvalue for this cross section would affect the linearizing corrections,‘

'fb‘7calculations for the worst'possible case (a combination of_high pres-

L as great for o

~.-}::The uncertainty,associated'with;the electronics is about 3%.  The

sure in the gas cell and large o,) were made by using a value twice
o1+ This appeared to affect the results_by'at most 9%
. for O and proportionately less for o, b1 (l 5%)

nv‘-5.‘ Final Estimates

The possible”error in.data‘reduction is_discussed in the appendix{

.”vgreatest,random error 1s associated with the.neutral measurement, asﬂ-
5} previously discussed This error is about 15% for each data point
'7(ten or more data points per cross—section result given in Table I)

‘jThis analysis gives a smaller uncertainty than seems apparent in the

% : ’
- The total random error is therefore about 5%
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Pressure in gas cell (m torr)

XBL672-3818

Fig. 3. Plots of Mo, and mo, at 42 keV calculated from the data
in Fig. 2, using Egs. (4&? and (4b), Sec. III C. The polnts
shown above 1 mbtorr were not used in the least-square fit to
determine the slope. Note that for thls example, the slope of
WUQO 1s the same as that of FO in Fig. 2, whereas the slope of

. T0yy 1s greater than that of Fl in Fig. 2.

21
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data (Fig h), hence 1t would seem prudent to assign about 10% error

'.to the 021 cross section and about 20% to the Opg CTOSS section. The -ue
'fsourceaof-this error is not known-' The most significant systematic
 error is probably associated with the pressure measurements, which

_:-should probably not be relied upon more than to T or. 8%. The esti-

'mated error,injthe energy 18 about 5%.

=
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IV. 'RESULTS AND DISCUSSION

A, Results of This Experiment

The results are shown in Table I and Fig. 4. Both cross sections

3

"show a maximum at about 50 keV “He energy. The single-capture cross

16

section (021) has a maximum of about 13 x 10~ cn® and falls of fair-.

1§ rapidly at higher and lower énergies. The low—enérgy behavior of
‘the double~-capture cross section (020) 1s somewhat indeterminate, but
could be construed as starting to level off. At higher energies it

16 cm2 and then falls off

rises slowly to a maximum of about 3.3 x 10~
at about the same rate as the single-capture cross section.

-B. Comparison With Other He++ Experiments

Plotted with the results in'Fig.‘h are those of Pivovar et al.,lg

Allison,9 Nikolaev et al.,ll‘and Rutherford.l' These results agree
. well in the overlapping region and appear to blend smoothly into the
presént results. |
. The results of Allison (s0l1id line markede) were deduced from

‘equilibrium fractions‘and relative atteﬁuations.of the various species
as gas was introduced into a reglon containing a maénetic field that
Wés élsp used to ahalyze the equilibrium fractions. His measurements
ﬁere done in air, which should yleld very nearly the samé results as
pure nitrogen. The effeet of metastabies on his resﬁlts should be
negligiblé, since all the cross sections involved were deduced from
the same set of data. The result of Rutherford (@) is also for air.

| Pivé?ar et al. (solid line P) used a methoa similar to ours in
severél gasés. The,reéults for N, are shownvfor comparison. Nikolaev et’

2
o al.q(Clsm) counted particles in a method also simllar to ours for



"I Table I. Méaéﬁred values'ahd”uncertaihfiés for o, and g, s

21 0% ot e

Actual - Energy
energy = per nucleon

”117 . ‘   39.2 :3 10.9 * 10% - 1 2;14:
66 553 83 +106 139206 23 5.0

7.7 . 857 - sssxloh . z6Lreop o 5.1 ok

15.35 7_' ‘5;1f_:7'.:-? 9,l9ti“10%:; «"é;él‘ 20%:l1j;':”“6;5','@‘, 0By

Rt

4

eh2 807 | 16104 . 298se0h 67 115

I+

k2.0 o 1h0 o 13.6%008  375%206 . 62 2.05

65.6. ' 2l.2 ﬁ-‘flz.g; + 10% _“_f5.1o:¢>eo%{v“   :  5.2 0 2.9

H

208 - Umh 33

'if}?tf}°21‘-'}aia;'E ",§éQ”f-.,‘}ﬂ7fl'{ ‘0 _“012;7.‘ R R
ke (kev/d) o (100 @d) 0Py @0 ad) o wd)

The vdlueé for 9% measured with 7;2 keV ll'L’He_H_ ions is only an upper limit dve to an unknovn

amount of.contamination from hydrdgén isotopes; the value for o.. was not greatly affected b& the

21
contamination. . The values for 0y and oy are from the work of Barnett and Stier,28 and are

estimated to be accurate to +10%. The uncertainty +in all energies is +5%.
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Fig. 4. Results. of crogs~-section mea.suremerits for capture of one
( 0'21) and two (a,,) electrons by helium nuclei in Ny -4, e,
- 0 this paper; ‘& Rutherford for air (Ref. 1); 0O Nikolaev et
al. (Ref. 11b); ® Nikolaev et al. (Ref. 1lla); the line
marked A presents the results of Allison for air (Ref. 9);
the line»marked P, Pivovar et al. (Ref. lé);;
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'-1‘and Kramers,

- :6'strongly dependent on the choice for Z

~;-ture in ¢

26

1pmany multiply charged ions HiS'results'for'He++:in Nébarevshown; .

’fffc{ Comparison With Theory

Figure 5 shows the results of evaluating the theories of Brinkman zifo

>

.and an extension by Bates and Dalgarno.gl Also shown 1s

' 1.iffthe ‘plot- of a curve based on the classical formula of Bates and
1;;Mapleton,l6vwhich was evaluated for us by M‘apleton.18 The experimental

- pOints are shown for COmparison.

“The Bates and Mapleton cross section includes capture from all

wgfstates,iwhereas those of» Brinkman and Kramers and Bates and Dalgarno
”ffare only for capture from the 28 and 2p states respectively.

' | All the theoretical results were based on atomic nitrogen and 2
.ithen doubled for comparison with the experiment | |

30

ﬁ'the effective z should be 2 or 2 h However, Slater has suggested

>jcase. Curves based on- Z ‘= 2.4 and 3.9 are shown,for comparison.’

eff °

fiAlso these values arefused in‘the”evaluations'for ép electron capture,v"

u‘egnbased on the Brinkman and Kramers type of capmure of 2p electrons,ﬁ_f”

'f:“which wa.s presented by Bates and Dalgarno.a; Note that the low-

o ienergy predictions of the Brinkman and Kramers formulations are very

eff’ . .
- D.' Suggestions for Future Experiments

A look at the results shows the possibility of interesting struc-v“ '

20 ‘at the lower energies. Because of the uncertainties one.

r_cannot determine the low-energy trend. It would be interesting to

‘Lmtxrepeat the last point or two and then to extend the measurements,t03,

Brinkman and Kramers suggested that for capture from nitrogen S

3ia prescription that would give an effective value of 3, 9 for 7 in this o

Y

s
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, 7Fig{ 5. Comparison.of theory and experiment for cél in Né. The solid

line summarizes the various experimental results shown in Fig. 4,
and the points are the results of thls paper. The theoretlcal

. predlctions are; - — — the Bates and Mapleton classical model

(Ref. 12); ~-- the Brinkman-Kramers model for capture of the 2s

_electrons of nitrogen into the ls state of He’ (Ref. 5); and

—~ + — the Brinkman~Kramers model for capture of 2p electrons into
the 1s state of He® (Ref. 21). The Brinkman-Kramers curves are

labeled with the values of Ze used in the calculation.

£f
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.u

states, the adiabatic hypothesis would predict many minor peaks and

perhaps some_other maJor one_at_or near an accidental resonance,

Other gases would also be interesting, particularly He, s1nce it

" would represent a- resonant case for double capture.- Further mea.sure-
_ ments need to. be made also to determine the relative metastable Popu~

‘ﬁ' lations for various cases and their relative cross sections.

: fiforidifferentfions of the same .or greater charge. Particularly, other

" resonant and near-resonant cases might be interesting.

”“lower;energiesl Because of the many combinations of initial and final I

Finaliy,'other multiple capture cross-sections might be considered

LX)
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APPENDIX

‘ We will now estimate the errors associated with u51ng only up to'

<
B ;Jj,ng:.'””the second—order term to derive Eqs. (Ma and’ b) Let 0= Oy

‘and ¢o

-* %207

then the exact expression for F. is (still neglecting o

2 C12 02)-

- s e

“iifééf§7ef”?f§7él[ (vc) <gc>5 <wo> d   ; f B t'(A:iij-fv"

'} ff~f_jt'and~the approximation'error{in.FO.+ Fl (expressed"as‘alfraction);’for,i,fVJ

u't{:'the‘approximationS'(Ma‘and b) iSiE:V‘

' <- — e —— )

If we now approx1mate “the error associated with substituting F

- for‘wczi we first note, for the same attenuation, =

l- F2 =Fl +»FO ~ 0.39"_
If we substitute F s FO

(vc) (F o F )Wc--we get, for our actusl error,

for a(wc) in the squared term-—i e., let - .

il

S S T S Som




s

Thus, except for fhe terms involving Aolo and %017 we expect an approxi- .

mation error not greater than 2.6% for attenuations less than about 40%.

We will now estimate the error associated with lineerizing the

reaches & maximum of 6.7 x 10-16 e

16 2

terms involving and 0., -

%0 o1 %0

at the point where oy, = 1.1 x 1071 en® ana Opg = 3T X 107" cm“.
Thus for 7o = 0.50, 1r0'21 = 0.33 and oy = 0.25.
If we assume that 1rulo is the first term in the expansion
~Tg.
10 2
l-e = oy - (moy )~ /2 + ==,
then the maximumm error associated with ‘rruio is
2 . 2
o [ Fp (1oy0) (m0,)
€= = Toyy <
2 2 ‘ 2

Similar analysis for %1 shows a smaller error for the same conditions

(1.e., To = 0.50). ‘Since g,., and o, . always work to oppose each

(R 10
other, the greatest po‘ssi'ble approximation error then 1s

E<e" 4+ e™ = 2.6 + 1.66 = 4.0%. . : (A-5)

I
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